Abstract. Hypoxia, which is an important factor that mediates tumor progression and poor treatment response, is particularly associated with tumor chemoresistance. However, the molecular mechanisms underlying hypoxia-induced colorectal cancer chemoresistance remain unclear. The present study aimed to explore the mechanism underlying hypoxia-induced chemotherapy resistance in LOVO colorectal cancer cells. LOVO cells were cultured in a hypoxic environment simulated by cobalt chloride (CoCl 2 ), which is a chemical inducer of hypoxia-inducible factor-1α (HIF-1α). HIF-1α is a transcription factor that has an important role in tumor cell adaptation to hypoxia, and controls the expression of several genes. Various CoCl 2 concentrations are often used to simulate degrees of hypoxia. In the present study, following treatment with CoCl 2 , an MTT assay was conducted to determine the growth and drug sensitivity of LOVO cells. Reverse transcription-polymerase chain reaction and western blotting were used to detect the mRNA and protein expression levels of HIF-1α and factors associated with chemotherapy resistance, including multidrug resistance protein (MRP) and multidrug resistant 1 (MDR1), which encodes the major transmembrane efflux transporter P-glycoprotein (P-gp). In addition, the expression levels of apoptosis-related proteins, including B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and Bcl-2-associated agonist of cell death (Bad) were detected by western blotting. Flow cytometry (FCM) was used to visually observe Adriamycin (ADR) accumulation and retention, thus analyzing intracellular drug transportation in cells under hypoxic and normoxic conditions. CoCl 2 -simulated hypoxia was able to inhibit tumor cell proliferation, and upregulate the expression levels of HIF-1α, MDR1/P-gp and MRP. In addition, proapoptotic members of the Bcl-2 protein family, Bax and Bad, were downregulated. The anti-apoptotic member Bcl-2 exhibited no significant change in expression, whereas the ratio of Bcl-2/Bax was increased. Results of FCM demonstrated that the intracellular retention of ADR was significantly decreased in the hypoxia group cells. In conclusion, the present study revealed that a CoCl 2 -simulated hypoxic microenvironment was able to effectively induce chemoresistance and reduce apoptosis in LOVO cells.
Introduction
Colorectal cancer (CRC) is the third most common type of cancer in men, and the second most common in women (1) . Following surgery for the treatment of CRC, chemotherapy is vital, and in patients that lack the opportunity for surgical intervention, chemotherapy is the predominant therapy used to prolong survival. However, sensitivity to chemotherapy varies widely between individuals; according to statistics, ~50% of patients with CRC succumb to tumor metastasis and recurrence (2) .
Hypoxia is a common feature in various types of solid tumor, including CRC. It has previously been reported that hypoxic microenvironments promote the malignant progression of solid tumors (3) . Hypoxia-inducible factor 1 (HIF-1) has an important role in the alteration of tumor biology in response to hypoxia. The adaptive response to hypoxia is adjusted by a family of transcription factors; the most important member of which is HIF-1α (4). Cobalt chloride (CoCl 2 ) has been widely used to simulate hypoxia in in vivo and in vitro studies (5, 6) . CoCl 2 inhibits the hydroxylation of HIF-1α, thus stabilizing HIF-1α by preventing it from binding to the von Hippel-Lindau tumor suppressor protein (7) (8) (9) . In addition, CoCl 2 has been shown to activate hypoxia-dependent pathways (10) , and is a chemical inducer of HIF-1 (11) . In the present study, tumor cells were treated with CoCl 2 to stimulate hypoxia. It has previously been reported that hypoxia potentiates tumor resistance to chemotherapy and radiotherapy (12) ; however, how the hypoxic microenvironment is involved in anticancer drug resistance remains unclear.
The hypoxia-mimetic agent CoCl 2 induces chemotherapy resistance in LOVO colorectal cancer cells
HIF-1α induces the expression of various genes that are associated with angiogenesis, glucose metabolism, survival and tumor progression (13, 14) . Multidrug resistance is often caused by overexpression of P-glycoprotein (P-gp) and multidrug resistance protein (MRP). The genes multidrug resistant 1 (MDR1)/P-gp and MRP are able to decrease the efficacy of chemotherapeutic anticancer agents (15, 16) . The B-cell lymphoma 2 (Bcl-2) family comprises anti-apoptotic and proapoptotic proteins. The Bcl-2 family members Bcl-2, Bcl-2-associated X protein (Bax) and Bcl-2-associated agonist of cell death (Bad) are considered to be associated with signals of cell survival and damage, and have a critical role in apoptosis. Bcl-2 is an apoptosis suppressor gene, whereas Bax and Bad are apoptosis-inducing genes (17, 18) . However, the molecular mechanism underlying hypoxia-induced chemoresistance in tumor cells has yet to be fully elucidated. In the present study, the proliferation of LOVO cells and the tumor inhibition ratio (TIR) following treatment with 5-fluorouracil (5-FU) were determined using a 3-(4,5-dimethylthiahiazol-z-y1)-3,5-diphenyte-trazolium bromide (MTT) assay. Furthermore, reverse transcription-polymerase chain reaction (RT-PCR) and western blotting were used to determine mRNA and protein expression levels, respectively. Flow cytometry (FCM) was used to detect the accumulation and retention of Adriamycin (ADR) under hypoxic and normoxic conditions.
Materials and methods
Cell lines and cell culture. The LOVO human colorectal cancer cell line was obtained from Peking University Health Science Center (Beijing, China). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and antibiotics (1% penicillin and 1% streptomycin; North China Pharmaceutical Group Corporation, Shi Jiazhuang, China) at 37˚C in a humidified incubator containing 5% CO 2 .
Chemically induced hypoxia. Hypoxia was achieved by exposing cells cultured in normoxic conditions to CoCl 2 (Sigma-Aldrich, St. Louis, MO, USA). Various CoCl 2 concentrations are often used to simulate degrees of hypoxia. In the present study, cells were cultured in DMEM with various concentration of CoCl 2 , or with the same concentration of CoCl 2 for various durations. The different concentrations of CoCl 2 were obtained by diluting the stock solution (250 µmol/l) in culture medium.
MTT assay for the determination of LOVO cell proliferation.
The proliferation of LOVO cells was determined using an MTT assay (BD Biosciences, Franklin Lakes, NJ, USA). The cells were plated in a 96-well plate at a density of 1x10 4 cells/well, in DMEM supplemented with 10% FBS, and were cultured for 12 h at 37˚C with 5% CO 2 . Subsequently, the cells were treated with various concentrations of CoCl 2 (100, 150, 200 or 250 µmol/l) for 7 days. Six duplicate wells were set up for each sample. Untreated cells were used as control cells. At the end of the treatment, 20 µl MTT (5 mg/ml) was added to the cells, which were incubated for a further 4 h. Dimethyl sulfoxide (DMSO; 200 µl) was added to each well following removal of the supernatant, and the plate was agitated for 10 min until the crystals had dissolved. Absorbance was measured at 570 nm using an enzyme-labeling instrument (ELx-800; BioTek, Winooski, VT, USA). The negative control well contained no cells and was considered the zero point of absorbance. Each assay was performed in triplicate. Cell growth graphs were generated with time as the abscissa and absorbance value (mean ± standard deviation) as the ordinate.
MTT assay for determination of the TIR following treatment with 5-FU. LOVO cells were cultured in various concentrations of CoCl 2 to simulate an hypoxic environment as previously described. The TIR following treatment with 5-FU (Sigma-Aldrich) was assessed using an MTT assay. LOVO cells were plated in a 96-well plate at a density of 6x10 4 cells/well, in DMEM supplemented with 10% FBS, and were cultured for 12 h at 37˚C with 5% CO 2 . The experimental cells were then treated with various concentrations of CoCl 2 (0, 100, 150, 200 or 250 µmol/l) for 20 h. Five duplicate wells were set up for each sample. The cells not treated with 5-FU were used as the negative control group. The wells that did not contain cells were measured as the blank group. Subsequently, 5-FU was added to the experimental group and blank group cells; each well contained a final concentration of 50 mg/l 5-FU. Following a 36 h incubation, 20 µl MTT (5 mg/ml) was added, and the cells were incubated for a further 4 h. DMSO (200 µl) was added to each well following removal of the supernatant, and the plate was agitated for 10 min until the crystals had dissolved. Absorbance was measured at 570 nm using an enzyme-labeling instrument (EX-800). Each assay was performed in triplicate. The average value was determined for each group: Experimental group average value (EAV), control group average value (CAV) and blank group average value (BAV), these values were used to determine the TIR, as follows:
RNA isolation and RT-PCR analysis. LOVO cells were seeded in 6 cm culture capsules and were treated with a concentration gradient of CoCl 2 (0, 50, 100, 150 and 200 µmol/l) for 24 h. RNA extraction was performed using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A total of 5 µg RNA was reverse transcribed using the One Step RT-PCR kit (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The mRNA expression levels of HIF-1α, MDR1 and MRP were determined using a PCR kit (Premix Taq; cat. no. RR901A; Takara Biotechnology Co. Inc., Dailan, China) according to the manufacturer's instructions. The reaction system contained cDNA (2.5 µl), Premix Taq (25 µl), primers (2 µl) and sterile purified water (≤50µ l). β-actin was used as an internal control. PCR primers for each gene were designed based on the mRNA sequence provided by the University of California Santa Cruz database (https://genome.ucsc.edu/) using Oligo6 software (www.oligo.net). All of the primers were provided by Beijing Tsingke Bio Tech, Co., Ltd. (Beijing, China). The primer sequences used were as follows: HIF-1α, forward 5'-GCC GCT GGA GAC ACA ATCAT-3', reverse 5'-GAA GTG GCT TTG GCG TTT CA-3'; MDR1, forward 5'-GGC AAA GAA ATA AAG CGA CTG A-3', reverse 5'-GGT GGA CAG GCG GTG AG-3'; MRP, forward 5'-AGC CAG AAA ATC CTC CAC GGT-3', reverse 5'-CAT CGC CAT CAC AGC ATT GAC-3'; and β-actin, forward 5'-CGG GAC CTG ACT GAC TAC CTC-3' and reverse 5'-CTA GAA GCA TTT GCG GTG GA-3'. The RT-PCR cycling conditions were as follows: Denaturation for 3 min at 94˚C, followed by 25 cycles of denaturation for 30 sec at 94˚C, annealing for 30 sec at 55˚C, 58˚C, 59˚C and 59˚C for HIF-1α, MDR1, MRP and β-actin, respec tively, and extension for 10 min at 72˚C (Eppendorf 5331 MasterCycler Gradient Thermal Cycler; Eppendorf, Hamburg, Germany). The products were separated by 3% agarose gel electrophoresis and were visualized with ethidium bromide. The mRNA expression levels were semi-quantified with the aid of computer software (Quantity One 4.4.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA), and the quantity of each transcript was normalized against β-actin.
Western blot analysis. LOVO cells were treated with CoCl 2 (0, 50, 100, 150 or 200 µmol/l) for 24 h. Protein extraction was conducted as described previously (19) . Briefly, the cells were washed with cold phosphate-buffered saline (PBS) (4˚C), were scraped from the surface of the plate into PBS, and were collected by centrifugation at 3,000 x g for 5 min at 4˚C. Soluble proteins were extracted with cell lysis buffer containing 1% NP40, 137 mM NaCl, 20 mM Tris base (pH 7.4), 1 mM dithiothreitol, 10% glycerol, 10 mg/ml Aprotinin, 2 mM sodium vanadate and 100 µM phenylmethylsulfonyl fluoride. Insoluble material was removed by centrifugation at 14,000 x g for 15 min at 4˚C. Protein concentrations were determined using the Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). The total protein extracts (2.5 µg/µl) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membranes were blocked, and were then incubated with primary polyclonal antibodies: Rabbit anti-human HIF-1α (1:500 dilution; sc-10790), P-gp (1:200 dilution; 8313), MRP (1:200 dilution; sc-13960), Bcl-2 (1:4,000 dilution; sc-783), Bax (1:4,000 dilution; sc-7480), Bad (1:2,000 dilution; sc-783) and β-actin (1:5,000 dilution; sc-130656) (Santa Cruz Biotechnology, Inc. Dallas, TX, USA) at 4˚C overnight. After being washed in Tris-buffered saline containing 0.05% Tween-20, the membranes were incubated with goat anti-rabbit secondary antibody (1:400 dlution; sc-2040; Santa Cruz Biotechnology, Inc.) for 2 h and were then visualized by chemiluminescence using a Western Luminescent Detection kit (Vigorous Biotechnology, Beijing, China). For quantification, signals were densitometrically normalized to β-actin using Quantity One image analysis software (version 4.40; Bio-Rad Laboratories, Inc.).
FCM evaluation. Cells were prepared and treated as previously described. ADR (Sigma-Aldrich) produces characteristic fluorescence at an excitation wavelength of 488 nm and an emission wavelength of 575 nm. The cells were divided into two groups: The experimental group and the negative control group. The experimental group comprised two subgroups: The hypoxia group, cultured in 200 µmol/l CoCl 2 and treated with 5 mg/l ADR; and the normoxia group cultured in DMEM and treated with 5 mg/l ADR. The negative control group also comprised two subgroups: The hypoxia group, cultured in 200 µmol/l CoCl 2 only; and the normoxia group cultured in DMEM only. ADR was added to the experimental groups following an 18 h culture at a final concentration of 5 mg/l, and the cells were treated with ADR for 1.5 h. Subsequently, the cells were washed twice with ice-cold PBS and were collected. FCM (FACSCalibur; BD Biosciences) was used to analyze ADR accumulation. In addition, to measure ADR retention, following collection the cells were resuspended in DMEM medium containing no ADR, and were incubated for 1.5 h. Subsequently, the cells were washed twice with ice-cold PBS, and FCM was used to analyze ADR retention. Data were collected and analyzed using CellQuest software (version 5.1; BD Biosciences). Overlapping images between retention and accumulation were automatically generated by CellQuest software.
Statistical analysis. Each experiment was performed at least three times. All results are presented as the mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance. All analyses were performed using SPSS software, version 19.0 (SPSS IBM, Armonk, NY, USA). P<0.05 was consid ered to indicate a statistically significant difference.
Results

Growth curve of LOVO cells cultured with various concentrations of CoCl 2 .
The growth curve of LOVO cells cultured under normoxic and hypoxic conditions exhibited an ʻSʼ shape. Compared with the normoxia group, the cells treated with various concentrations of CoCl 2 (100, 150 and 200 µmol/l) exhibited slow growth during days 1-3.5, and underwent a period of exponential growth and rapid proliferation after 4-7 days (Fig. 1) . As CoCl 2 concentrations increased the speed of proliferation decreased. Proliferation was inhibited the most following treatment with 250 µmol/l CoCl 2 , in the growth curve the cells exhibited significant growth inhibition. After 7 days of treatment, a dose-dependent inhibition of cell growth was observed (P<0.05).
TIR following 5-FU treatment is altered in response to various concentrations of CoCl 2 .
Compared with the normoxia group, following treatment with various concentrations of CoCl 2 (100, 150 and 200 µmol/l), LOVO cells acquired resistance against 5-FU as CoCl 2 increased. Hypoxia was able to decrease the sensitivity of LOVO cells to 5-FU (P<0.05), in a dose-dependent manner. However, cells treated with 250 µmol/l CoCl 2 were more sensitive to 5-FU (P<0.05), as compared with cells in the normoxia group (Fig. 2) .
Hypoxia induces overexpression of HIF-1α, MDR1/P-gp and MRP.
Cells were treated with various concentrations of CoCl 2 (0, 50, 100, 150 and 200 µmol/l) for 24 h. Subsequently, mRNA and protein expression levels were detected by RT-PCR and western blot analysis (Fig. 3) , with β-actin as an internal control. The expression levels of HIF-1α, MDR1/P-gp and MRP gradually increased as CoCl 2 concentration increased. Therefore, HIF-1α, MDR1/P-gp and MRP were increased in response to CoCl 2 in a dose-dependent manner (P<0.05).
Hypoxia downregulates Bax and Bad expression.
Cells were treated with various concentrations of CoCl 2 (0, 50, 100, 150 and 200 µmol/l) for 24 h. Western blot analysis was then performed to detect the expression levels of apoptosis-associated proteins (Bcl-2, Bax and Bad) (Fig. 4) . Following treatment with CoCl 2 , Bax and Bad expression levels were gradually decreased in a dose-dependent manner (P<0.05), whereas no differences in Bcl-2 protein expression were detected (P>0.05; Fig. 4A and B). In addition, the ratio of Bcl-2/Bax was increased in a dose-dependent manner (P<0.05; Fig. 4C ).
Hypoxia decreases intracellular retention of ADR. ADR produces characteristic fluorescence at an excitation wavelength of 488 nm and an emission wavelength of 575 nm. Under hypoxia (200 µmol/l CoCl 2 ) FCM was performed to detect the changes in intracellular ADR concentration (Fig. 5) . The accumulation and retention of ADR were determined and were used to evaluate changes to intracellular ADR. ADR 
Discussion
The microenvironment of rapidly growing tumors is associated with increased energy demand and diminished vascular supply, resulting in central areas of prominent hypoxia. The hypoxic phenomenon is considered to be a tumor microenvironment factor that favors tumor cell survival and resistance to chemotherapy and radiotherapy (20) . Experimental and clinical studies have demonstrated that intra-tumor hypoxia may be a key factor in the tumor microenvironment promoting invasive growth and metastasis (5, 21) . However the molecular mechanisms underlying hypoxia-induced colorectal cancer chemoresistance remain unclear.
CoCl 2 has been used as a hypoxia mimic in in vivo and in vitro studies. CoCl 2 , as a substrate of the ferrochelatase enzyme, can combine with hemoglobin, instead of Fe
2+
, and cause cells to enter a hypoxic state (22) . Hypoxia is a common feature of several types of malignant tumor. HIF-1α is a major transcription factor and key regulator of adaptive responses to hypoxia, including activation of signaling pathways and downstream genes, which promote cell survival and alter the biological characteristics of tumors. HIF-1α mediates the response to hypoxia by regulating the expression of genes capable of regulating glycolysis, angiogenesis and erythropoiesis, including erythropoietin, vascular endothelial growth factor and pyruvate kinase (23) (24) (25) . A previous study demonstrated that HIF-1α is an important regulator of Survivin expression, which may have a potential role as a therapeutic target in cancer (26) .
In the present study, LOVO cells were cultured in a hypoxic environment simulated using CoCl 2 . An MTT assay demonstrated that as CoCl 2 concentration increased, proliferation decreased. These results suggested that in order to adapt to the hypoxic environment, cell growth had slowed down. In addition, at a certain extent of hypoxia (100-200 µmol/l CoCl 2 ), the average TIR following treatment with 5-FU was decreased. However, severe hypoxia (250 µmol/l) significantly inhibited growth and increased TIR following treatment with 5-FU. These results indicated that appropriate hypoxia may protect tumor cells; however, severe hypoxia is able to inhibit proliferation, and may increase 5-FU-induced tumor cell apoptosis (27, 28) .
Under hypoxic conditions, the key molecular player HIF-1α was upregulated. The present study indicated that mRNA and protein expression levels were markedly increased following treatment with CoCl 2 in a dose-dependent manner (P<0.05), and that the level of hypoxia coincided with the expression of HIF-1α.
Chemotherapy failure remains a major problem in many patients with cancer. Tumor chemoresistance is usually associated with the overexpression of drug-resistance genes. MRP and the MDR1 gene, which encodes the major transmembrane efflux transporter P-gp, are membrane transporter proteins; their function is similar to efflux pumps at cell membranes and they are considered to exert a protective function against the entry of xenobiotics. The overexpression of these genes is the classical mechanism of multidrug resistance in several types of tumor, including lung carcinoma, breast cancer and pancreatic carcinoma (29) (30) (31) . However, the relationship between LOVO cell hypoxia and chemoresistance has not yet been clearly investigated. The results of the present study demonstrated that under hypoxia HIF-1α was overexpressed in a dose-dependent manner. In addition, under moderate hypoxia, MDR1/P-gp and MRP were overexpressed in a dose-dependent manner in response to a CoCl 2 concentration gradient (P<0.05). P-gp and MRP are energy-dependent efflux pumps that are responsible for decreases in drug accumulation, which also promote multidrug resistance. In the present study, measurement of ADR accumulation and retention was used to confirm the chemoresistance of cells treated with CoCl 2 . The FCM results demonstrated that CoCl 2 -simulated hypoxia affects intracellular ADR concentration in the presence of tumor chemoresistance. This occurred when the intracellular ADR accumulation reached effective concentrations; however, the duration of intracellular ADR retention was the decisive factor in the success of chemotherapy. In addition, the overexpression of MDR1/P-gp and MRP resulted in an increased ability to pump anticancer drugs out of cells; this may be considered an important method by which cancer cells survive anticancer drug treatment under hypoxic conditions. These results suggested that HIF-1α, MDR1/P-gp and MRP may be interactively involved in the occurrence of tumor multidrug resistance.
Whether hypoxia promotes tumor cell apoptosis or decreases apoptosis has yet to be elucidated. Various studies have reached different conclusions. A previous study indicated that overexpression of HIF-1α could promote downregulation of BH3 interacting-domain death agonist and/or Bax, thus contributing to etoposide resistance (32) . Another study demonstrated that, under hypoxic conditions, HIF-1α is an important regulator of Survivin, and has a great potential capacity for cancer therapeutics (26) . Conversely, HIF-1 has been shown to induce apoptosis, via the stabilization of p53 (33) or the transactivation of BCL2/adenovirus E1B 19 kDa protein-interacting protein 3, which encodes a pro-apoptotic Bcl-2 family member (34) . Many contradictory reports involving the role of HIF-1α in the regulation of apoptosis have emerged in recent years, and the results demonstrate that the effect of tumor cell anti-apoptosis is related to the duration and degree of hypoxia (35, 36) . In the present study, LOVO cells cultured in an hypoxic microenvironment exhibited reduced apoptosis. This phenomenon may be due to the expression of Bcl-2 family proteins. As CoCl 2 concentration increased, the expression of proapoptotic proteins, including Bax and Bad, decreased in the tumor cells; however, the expression of the anti-apoptotic protein Bcl-2 was not significantly altered, thus resulting in a decreased Bax/Bcl-2 ratio. The ratio of Bcl-2/Bax is usually regarded as a criterion for programmed cell death (37) . These results indicated that under hypoxic conditions the downregulation of Bax and Bad provided a significant survival advantage, since Bax and Bad are suppressors of Bcl-2 and Bcl-extra large (38) .
In conclusion, the present study reported that hypoxia altered the phenotype of LOVO colorectal cancer cells. The hypoxic microenvironment was simulated in the present study using the CoCl 2 method, and the expression of HIF-1α was upregulated in a dose-dependent manner. In addition, hypoxia exhibited an inhibitory effect on LOVO cell proliferation, and moderate hypoxia decreased the sensitivity of LOVO cells to 5-FU. In addition, two aspects that may have resulted in hypoxia-induced chemotherapy resistance were identified. Firstly, MDR1/P-gp and MRP were upregulated, which may decrease the retention of chemotherapeutic drugs. Secondly, Bax and Bad expression was downregulated, whereas Bcl-2 expression exhibited no significant change, thus decreasing the Bax/Bcl-2 ratio. Therefore, LOVO cells may escape apoptosis mediated by chemotherapeutic drugs. The hypoxic microenvironment may promote chemoresistance and anti-apoptosis, resulting in greater malignant behavior of tumor cells.
